Growth of encapsulated (K+) and nonencapsulated (K-) Kkebsiella pneumoniae strains in media containing sub-MICs of either cefuroxime or ciprofloxacin resulted in cell elongation but had little effect on the outer membrane protein or lipopolysaccharide profiles. Exposure to serum complement increased the surface hydrophobicity of a K-strain but failed to interact or to increase the surface hydrophobicity of the K+ strains.
hydrophobicity of a K-strain but failed to interact or to increase the surface hydrophobicity of the K+ strains.
However, after growth of the K+ strains in sub-MICs of the antibiotics, complement increased their surface hydrophobicity and complement C3 was detected bound to their surface. Antisera raised against a K-0-strain agglutinated the K+ strains grown in the presence but not in the absence of cefuroxime or ciprofloxacin. These findings suggest that the filamentous morphology induced by these antibiotics influences the distribution or amount of capsular polysaccharide such that cell envelope components previously masked by the capsule become accessible to complement and immunoglobulins.
Sub-MICs of antibiotics and in particular the penicillins and cephalosporins can exert a profound effect on bacterial morphology and consequently on the bacterial cell surface (1, 4) . This antibiotic-induced damage may increase the sensitivity of the microorganism to host defense mechanisms such as complement-mediated serum killing and phagocytosis, thus contributing to the eradication of the infecting microorganism (1, 4, 11) .
Multiply resistant Klebsiella pneumoniae strains are isolated with relatively high frequency in hospital-acquired infections (2, 3, 13) . They can pose severe problems in patients whose immunity is impaired by disease, trauma, or immunosuppressive drugs. The majority of Klebsiella isolates possess a well-defined capsule which plays an important role in conferring resistance to host defenses such as phagocytic cells in the absence of specific anti-capsular antibodies (3, 14, 16, 22, 23) . We have previously shown that loss by mutation of the capsule (K antigen) significantly increases sensitivity of klebsiellae to phagocytosis, whereas loss of both K and 0 antigens renders the organism sensitive to complement-mediated serum killing (22, 23).
Cefuroxime (a cephalosporin) and ciprofioxacin (a fluoroquinolone) are two clinically useful antibiotics with very different modes of action. Cefuroxime interferes directly with cell wall peptidoglycan biosynthesis by inhibiting the activity of the enzymes involved in the cross-linking of peptidoglycan (1) . The primary target of fluoroquinolones such as ciprofloxacin appears to be DNA gyrase, an enzyme which plays important roles in DNA replication, repair, recombination, and transposition (24) . This study was designed to determine their effect on the cell surface composition and hydrophobicity of K. pneumoniae. Opsonizaton by complement (in particular the C3 component) and immunoglobulins is known to play an important role in phagocytic recognition of microorganisms. The ability of complement C3 and antisera raised against a K-0-K. pneumoniae strain to interact with the surface of encapsulated K. pneumoniae grown in the presence or absence of cefuroxime or ciprofloxacin was also investigated.
(This study was presented in part at the 14th International Congress of Microbiology, Manchester, United Kingdom, 7 through 12 September 1986.)
MATERIALS AND METHODS
Bacterial strains and growth conditions. The K. pneumoniae (also called "K. aerogenes") strains used in this study are summarized in two-phase partition method of Rosenberg (15) with octane as the hydrocarbon phase. Bacteria were suspended in a phosphate-urea-magnesium buffer (pH 7.2) to an A470 of 0.3. A 1.2-ml sample of this suspension was placed in a roundbottomed glass tube, and 0.2 ml of octane was added. After equilibration at room temperature, the tubes were vortexed for 2 min, the phases were allowed to separate, the A470 of the aqueous phase was measured, and the percentage of the cells adhering to the hydrocarbon phase was calculated.
Interaction of complement C3 at the bacterial cell surface. Bacteria opsonized with pooled human serum as described above were extracted for 2 h at room temperature with 50 mM Tris hydrochloride (pH 8.6) containing 5 mM EDTA and 4% (vol/vol) Triton X-100. The presence of complement C3b in the cell extracts was determined by double diffusion immunoprecipitation in 1% agarose in Tris-barbital buffer (pH 8.6) against anti-human complement C3 (Sigma Chemical Co.). This antiserum was also used to confirm the presence of complement C3 bound to the cell surface by slide agglutination.
Binding of immunoglobulins to the bacterial cell surface.
Slide agglutination was used to determine the ability of antisera raised in rabbits as described previously (22) against whole cells of a K-0-mutant derived from K. pneumoniae 5055 to agglutinate encapsulated and nonencapsulated klebsiellae grown in the presence of a sub-MIC of cefuroxime or ciprofloxacin. RESULTS The MICs of cefuroxime and ciprofloxacin for three encapsulated strains of K. pneumoniae and a nonencapsulated mutant derived from strain 5055 are shown in Table 1 . To study the effect of sub-MICs on cell surface properties, each strain was grown in broth containing 30% of the MIC of either antibiotic. At these sub-MICs, both antimicrobial agents induced K' and K-strains to grow as filaments up to 50 ,um in length. Examination of the OM protein profiles of K. pneumoniae 5055 (Fig. 1, lanes 2, 3, and 4) and M10 (Fig.  1, lanes 5, 6, and 7 ) grown in the presence or absence of antibiotic failed to reveal any major quaflitative differences, although growth of M10 in the presence of ciprofloxacin (Fig. 1, lane 6 ) resulted in the repression of a 24-kilodalton protein. Growth in the presence of ciprofloxacin or cefuroxime also had little detectable effect on the LPS profiles of 5055 (Fig. 2) or M10 (data not shown).
Effect of complement on cell surface hydrophobicity. Both K' and K-strains have hydrophilic surfaces as determined by their failure to adhere to octane (Table 2 ). However, exposure of M10 (K-O1+) to serum complement dramatically increased its cell surface hydrophobicity, an effect which could be abolished by heat inactivation of the serum (Table 2 ). In contrast, complement had no effect on the surface hydrophobicity of 5055 (Table 2) ment-treated cells and immunodiffusion of Triton X-100-EDTA extracts of complement-treated K' and K-strains against anti-human C3 (Fig. 3) confirmed that C3 bound to the K-strains but not to the K' strains.
Surface hydrophobicity and interaction of complement with cells grown in the presence of antibiotic. Growth of strain M10 (K-O+) in the presence of sub-MICs of either ciprofloxacin or cefuroxime resulted in a small increase in surface hydrophobicity ( Table 2) . Exposure of these antibiotic-damaged cells to serum resulted in a further increase in surface hydrophobicity. This observed increase in surface hydrophobicity is less than that reported for the control cells after exposure to serum complement and may be due to the filamentous morphology influencing the interaction of the cells with the hydrocarbon phase in the assay used. Whereas growth in the presence of sub-MICs alone had little effect on the surface hydrophobicity of 5055, a small but significant increase was observed after exposure to serum. The immunodiffusion plate shown in Fig. 4 confirms the presence of complement C3 bound to the surface of both cefuroximeand ciprofloxacin-induced filaments. C3 was also detected bound to the surface of strains DL1 and 327 after growth in the presence of sub-MICs of either antibiotic.
Agglutination of antibiotic-treated K. pneumoniae. Antisera raised against M1OB (a K-0-strain derived from K. pneumoniae 5055) failed to agglutinate any of the encapsulated strains or the nonencapsulated (K-O1+) strain. However, all strains were rapidly agglutinated after growth in sub-MICs of either cefuroxime or ciprofloxacin. 
DISCUSSION
Gram-negative bacilli exposed to sub-MICs of beta-lactam antibiotics often show abnormal morphologies; filamentous, globular, and ovoid forms are frequently encountered (1) . Filamentation can also be induced by DNA synthesis inhibitors including nalidixic acid (1) and the structurally related fluoroquinolones such as ciprofloxacin (19) . Growth of K+ and K-strains of Klebsiella in sub-MICs of both cefuroxime and ciprofloxacin resulted in filament formation. A comparison of the OM and LPS profiles of normal and filamentous forms of K. pneumoniae by sodium dodecyl sulfatepolyacrylamide gel electrophoresis failed to reveal any major qualitative differences. Exposure of Escherichia coli to sub-MICs of several beta-lactam antibiotics as well as ciprofloxacin also appeared to have little effect on the qualitative composition of the OM or cytoplasmic membranes (9). Other workers, however, have noted changes in the production of cell envelope macromolecules such pilus proteins (20) , LPS (18) and capsular polysaccharides (4, 7, 18) after growth in the presence of antibiotics.
Capsular polysaccharides or K antigens play an important role in bacterial pathogenicity primarily by shielding the microorganism against the bactericidal activity of complement and phagocytic cells (14) . Most encapsulated bacteria resist opsonization by complement and subsequent phagocytosis in the absence of serotype specific anticapsular antibodies (6, 14, 22, 23) . In their presence however, complement can be activated via the classical pathway, and the C3 component of complement is cleaved to FIG. 3 . Double diffusion immunoprecipitation of serum-treated K. pneumoniae. The center well contained antiserum to complement C3; outer wells contained Triton X-100-EDTA extracts of serum-treated M10 (well 1), 5055 (well 2), DL1 (well 3), and 327 (well 4).
yield C3a (an anaphylatoxin) and C3b (8) . Once activated, C3b can be deposited on the bacterial surface where it is covalently bound and can be recognized by phagocytic cells via specific receptors on their surface (8, 17) . The binding of antibodies to cell surface components or C3b to the bacterial surface (or both) also aids phagocytosis nonspecifically by increasing bacterial cell surface hydrophobicity (17, 23) . Thus the ability of complement to increase bacterial cell surface hydrophobicity in nonimmune serum (17, 23) can also be used to demonstrate that complement is bound at the surface of a bacterial cell.
Incubation of a nonencapsulated Klebsiella strain with nonimmune serum resulted in the deposition of C3 on the cell surface as determined by the marked increase in hydrophobicity and detection by immunodiffusion. In contrast, no increase in surface hydrophobicity was observed after incubation of the encapsulated strains with serum. This implied either that the presence of the K antigen blocked complement activation or that C3 was activated and bound but masked by the capsular polysaccharide. Failure to detect C3 by slide agglutination or after solubilization of serumtreated, encapsulated K. pneumoniae suggests that the capsule blocks complement activation. Growth of an encapsulated Klebsiella strain in the presence of sub-MICs of a number of cephalosporins has recently been reported to result in a considerable increase in surface hydrophobicity (7) . In this study no increase in the surface hydrophobicity of the K' strains after incubation in the presence of either cefuroxime or ciprofloxacin was observed, although a small increase was noted for the K-strain. This discrepancy may   FIG. 4 . Double-diffusion immunoprecipitation of serum-treated K. pneumoniae grown in the presence of sub-MICs of cefuroxime or ciprofloxacin. The center well contained anti-C3. Outer wells contained Triton X-100-EDTA extracts of serum-exposed M1o (well 1), and 5055 (well 2) and 5055 grown in the presence of cefuroxime (well 3) and ciprofloxacin (well 4). be due to the different techniques employed to determine hydrophobicity and to the different growth conditions used to culture the organisms.
In contrast to the untreated control cells, incubation of the encapsulated strains with serum after growth in the presence of either antibiotic resulted in the deposition of complement C3. The observed increase in surface hydrophobicity of these drug-damaged, complement-treated cells confirms that C3 is bound at the cell surface and alters its physicochemical properties.
Thus growth in the presence of sub-MICs of cefuroxime or ciprofloxacin must either influence the degree of encapsulation such that complement-activating OM components masked by the capsule become exposed at the cell surface and available for C3 deposition or result in a structural and consequently antigenic change in the capsular polysaccharide such that it becomes capable of activating complement. The evidence presented herein favors the former conclusion, since the exposure of complement activating subcapsular envelope components in cefuroxime-and ciprofloxacininduced filaments is highlighted by the ability of antisera raised against a K-0-strain to agglutinate the encapsulated strains. Furthermore, antibiotic-induced filaments still produce capsular polysaccharides which appear to be antigenically unchanged as determined by their agglutination by anticapsular antibodies raised against the respective encapsulated strain grown in the absence of antibiotic (P. Williams, unpublished observation). Therefore, these results imply that whereas the qualitative composition of the cell envelope may remain unaffected, sub-MICs of antibiotics may alter the quantity, distribution, and arrangement of its constituent macromolecules. The ability of the complete 0 antigen to block access of antibodies to the major OM proteins of K. pneumoniae (P. Williams, P. A. Lambert, and M. R. W. Brown, submitted for publication) and the changes in buoyant density of the E. coli OM and cytoplasmic membrane after exposure to antibiotics (9) lend further support to this hypothesis.
Other workers have also reported a reduction in capsule formation after growth of K. pneumoniae and Bacteroides fragilis in the presence of sub-MICs of antibiotics (4, 7). For B. fragilis, a reduction in the degree of encapsulation after growth in the presence of clindamycin correlated with an increased susceptibility to phagocytosis (4) . Thus the ability of C3 to bind to the surface of drug-damaged, encapsulated K. pneumoniae in nonimmune serum is likely to considerably enhance phagocytic recognition and aid clearance of an infecting Klebsiella strain well before the formation of significant levels of anti-capsular antibodies.
